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THl  CILLITUR  STEOCTURl  OP  THICK-ULTIRID  A]K>I)IC  OXIui  FILMS 
1«  S,  Toaftahv?  and  P.  P*  ZftlivftloT 

Thiok~laor«rc4  ozid«  filM  (of  a  thloknoac  of  25  to  20C  aiorons)  anodl-* 
oalljr  forsod  on  tho  murfaoo  of  alualnua  and  It  a  alloyo  hart  groat  praotioal  aign 
Ifloanoa  dua  to  auoh  raluabla  proportiaa  aa  raaiatanoa  to  waar  \ij  attrition 
hl(^  koat  and  alaotrioal  Inaulatlon  qx^alitiaa^  oondidarabla  toughnaaa  in  atoah- 
ing  vitb  othar  aatala,  and  hl|^  raaiatanoa  to  oorroaion  [l— Tka  proportiaa 
u*  ano^io  oxida  filna  ara  dataraiaad  by  tkalr  atruotiurat  abiob  in  tur^  dapanda 
on  tba  oonditiona  of  tba  'laotrolyalc. 

i  oona^darabla  aaount  of  work  baa  baan  darotad  to  tba  Inraatlgatlon  of  tba 
atruotura  of  anodic  filaa  ootainad  on  pura  aluninua  by  foraign  and  dcNaaatio 
autbora  aooording  to  a^lob  tba  atruotiira  of  tbaaa  filaa  rapraaanta  a 

danaa  packing  of  oxida  iwita  of  haxagonal  fom  aat  parpandioularly  to  tba  aur- 
faoa  of  tbo  awtal  and  aolidly  valdad  to  aaob  otbar  by  tbalr  lateral  fii»oaa  (Fig. 
l).  laob  'juDit  (or  oall)  oonaiata  of  a  oantraliy  located  pora,  tba  aalla  of  tba 
oxida  oall,  and  a  tbin  layer  of  oxida  of  tba  barrior  type  (barrier  fila)  aa  ita 
baaia.  fba  diaaMtar  of  tba  pore  la  datars^r  h  sainly  by  tba  obaraotar  of  tba 
alaotrolyta  and  doaa  not  depend  on  otbar  oonditiona  of  tba  anode  prooaaa. 

Tba  study  o'  tba  atruotura  of  tba  anodio  oxide  dilna,  along  vitb  a  grant 
deal  of  tbaoratloal  intaraat,  baa  direct  praotloal  aignifioanoa,  inaawach  aa 
it  anablaa  one  to  nark  out  ways  for  tba  oraation  of  nav  ooatings  with  propar- 
tiaa  firan  baforaband  and  alao  to  prooadd  to  tba  explanation  of  tba  atruotura 

and  proportiaa  of  anodio  film  obtained  on  aluaiinua  mllamu,  Tba  purpcaa  of  tbla 
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pr«a«nt  work  is  o«at«r«d  in  'ik*  of  th*  ^uoaatiifttiTO  iatorooimoo- 
tion  botvoon  tko  tkio'^ss  of  )Nirrl07  lfty«7  of  tke  fllik  &a4  tko  dimtailo&fl 
of  tko  osido  otils. 

for  ob^oelii^  of  roM^rok  tkoro  voro  okoKon  opooiaons  of  oluaiauni  of  tko 


brand  klOOO  (99«9^  Al)  «klok  woro  than  asodloalljr  oxidlsad  (anodisod)  in 

2 

Tltk  owproMt  da"oi11#i  of  2,?;  o»»d  10  aap/da  and  *k«  akaplaiT  Toltafa* 
oorraopoadiac  to  tkaa  (B)  22,  2$,  aad  27  t.  Tha  taaparatura  of  tka  alaotrolxta 
dorlnif  tka  i^g|Odlalac  «aa  ■aintaiaad  at  about  — >  2  •  For  ooapariaon  wa  raaaarok- 

ad  tka  itruotura  of  tka  aaodlo  oall  obtalaad  la  tka 
ordinary  procadura  of  tka  aaodlo  prooaaat  daaalty 
of  tka  ourrar.t  1  a«p/da  (akapla^  roltafa  lOv), 
taaparatura  of  alaatrolyta  2C  •  Tka  proeadura 
Mid  ooadltlona  of  tka  aaodlilnf  ara  daaorlbad 
aora  la  datall  la  otkar  raporta  [9,  lO].  Tka 

fl«.  1,  »rM«ito-  ‘‘“•I***  ot  *»•  »*«•  ••11*  •« 

tioB  Of  tka  atruotura  of  tka  pkotograpka  obtalaad  aitk  tka  alaotron  aloro- 

oalla  obtalaad  la  aaodlo  ox-  ♦Aa  aid  of  oollodloa  and  oarboa 

idatiOB  of  aluilaxa  aulfurlo  "^PAioaa  [8].  To-  IklokBaaa  of  tka  barrlar  layar 
aold.  1— oxlda  oall,2— pora,  ^aoAio  fll*  waa  dataraiaad  by  tka  alaotro- 

I  ^11  of  oxlda  oall,4— ba-  »Aa«iaal  aatkod  [ll],  baaad  on  tka  aaaauraaant  of 
rrlar  layar,  5— ali*lm»,  6—  dapaadaaoa,  TOltafa-aaparaia  la  alkallaad  3- 
UprMilau  of  oxld.  still  os  sslatlos  of  ssrtoplo  loU  (pH  -  5.5)  In 

aurfaoa  of  aluaiaua  aftar  ra^  •klak  tka  rata  or.  tka  jrowtk  of  tka  barrlar  la 
•oral  of  aaoda  filai  C  la  ^  ^  aoeordaaoa  aitk  tkaaa  data  tka 

dlaanaloa  of  oxlda  oall  aqual  AAlokaaaa  of  tka  barrlar  layar  (d)  la  a^ual  to  tka 
to  dUMtar  to  olrola  iaaorl-  ■axUa*  Xmiamj,  roltafa  of  tka  circu¬ 

it  la  Tolta  at  aklok  tka  aurraat  doaa  not  riao  akar- 


bad  la  kaaafoa,  C  la  tiro 
oooio  but  for  olrouaaarlbad  PAy •  *^a  lattar  la  obaarrad  at  tka  riaa  abora  tka 


ITI>-TT-64-598/1^2 


ooKt,  1. 

olrol*,  8>  «i]kl9ka«S8  of 
bliXTl^  lftj«7 


▼oltifcfi  ftt  i^loh  thoro  vmtt  foornod  th*  ^Ton  borr- 


i«r  la7«7. 


Ib  tko  ortlolo  two  qiMstloaM  aro  ooiuiidortl, 

1«  Kooplas  la  aiad  thmt  tk«  oildo  flla  la  foraad  la  tha  barrier  layar  it  !• 
natural  to  aaousa  a  daflalta  dapaadaaoa  baS^aaa  tha  thlokaaaa  of  tha  Iwiriar  laj' 
•I  ♦h*  9*f9  of  ^ha  •''.rift  tail  (Saa  Flf.  i),  Tha  first  attaapt  to  flM  «uoh 
a  dapaadaaoa  saa  aada  on  tha  basis  of  thaoratloal  praalsas  la  tha  raport  [4]  in 
whloh  tha  ralatloashlp  batvaaa  tha  slsa  of  tha  oall  aqual  to  tha  dl^aatar 


of  tha  olrola  lasorlbad  la  tha  htxajoaal  oall  and  tha  thlohaass  of  tha  barrltr 

layar^ls  asyrtsssd  by  tha  foraula  O^if  •'^2  6.  In  tha  followlat  wo^  [3]  tha  osn- 

aaotlOB  batvaaa  tha  slsa  of  tha  oall  and  tha  thloknass  of  tha  barrlar  layar,  vhloh 

vas  obtalaad  on  tha  basis  of  axparlaantal  data,  Is  dataxvlBad  by  tha  aquation  C 

•  1*67  6  9f  vhars  p  Is  tha  slsa  (dlaastsr)  of  tha  pora*  In  tha  work  Ct]  it 

Is  polatad  out  that  la  aooordaaoa  Hth  oaloulatloxis  tho  dlstanoa  batwan  tha  por> 

as  oaanot  socoaad  tvloa  tha  thloknass  of  tha  barrlar  layar  and  ordinarily  ia  aqual 

to  Its  thloknoika,  1.  a.,  ona  oan  vrlta  that  ^  ravrltin^  tha  aboTa-pra- 

santad  aquations  •  1,67  6  ♦  p  and  Cyjj^Sla  tha  forv  of  a  ratio 

of  tha  ihioknasa  of  tha  wall  of  tha  oxida  oall  t  -  to  tha  thiakaaaa  of  tna 

2 


barrlar  layar  (5)  va  shall  bars  oorraspondlnfly 

0,835  H 


<"  0.7 

2« 


r  ooc  ..  (-tn  '  r  ^'0  5, 

2» 


i.  a,,  tha  ratio 


whloh  oharaotariias  tha  oonaaotion  of  tha  thioinnass  of 


tha  wall  of  tha  oxida  oall  with  tha  thloknass  of  tha  barrlar  layar  ia  all  oaaaa 
laaa  than  unity. 


In  Tabla  1  thara  ara  shown  tha  flKuraa  for  tha  dinanaions  of  tha  daaorlbad 
oalls  of  anodio  filaa  and  tha  thhsknaae  of  tha  oarriar  layar  corraspoadin^  to  thaw, 
whloh  wara  obtainad  axpsrinaa tally  for  four  prooaduraa  of  anodic  oxidation  of 
alunlBUM.  Slnoa  tha  oall  has  a  aixHiUad  forw  ia  tha  tabla  thara  ara  flran  two 


\ 
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dlA«fuilons  of  th«  oxld*  o«lli  oa«  •quftl  to  tho  diUMtor  of  •  oirolo  dooori^od 
In  th«  litxafon  (C^^)  ftad  aaotkor  oquitl  to  tho  diaaotor  of  a  olrouaaorlbad  olroit 

(Co.). 

?ba  mtlo  of  th«  tbloknaas  of  tba  awll  of  tha  ozida  oall  to  tha  thioknaas 

_ _ 

of  tha  barrlar  lajar,  !•  a,,  tha  aa^nltuda  rnTT?  aa  la  aaan  froa  Tabla  1,  llaa 

within  tha  lialta  of  O.AO?  to  O.fill*  Tha  rati#  ooaputad  froa  tha  oall  aqual 

to  tha  dlaaatar  of  elmla  olrouaiBorlbin^  tha  haxafon  la  a^ual  to  0,9^8— .9*994»  i* 

a.,  to  tha  graataat  dafraa  approaoHaa  unity.  In  faot  tha  aoat  probabla  ratio,  ao 

G* 

it  aaaaa,  will  b«  tha  aquallty  *hara  la  the  aaxinai  poaaibla 

diaantlon  of  tha  oall  (aaoorCla^  to  tha  oirouaaorlbad  olrola).  I&an  tha  f^aataat 

a&piituda  of  tha  alaa  of  tha  oall  in  aooordanoa  with  inaoribad  cirola  )  will 

C* 

ba  aqual  to  *  ^nwUara  k  la  tha  ooafflolant  whioh  dataralnaa  for  tha  oorraet 

haxafoa  tha  ratio  of  tha  dlaaatar  of  tha  oirouaaorlbad  oirola  to  tha  dlaaatar  of 

tha  Ixioorlbad  olrolr  (k  «  1.1)4)*  la  thla  way  ona  aay  oonoluda  that  tha  baaio 

ralatlonahl])  whioh  dataralnaa  tha  atruotural  paraaatara  of  tha  thiok-layar  anodic 

C 

flla  la  tk.a  .^quatlou  1.  fha  flfuraa  of  tha  dlaaaalona  of  tha  oxida  oall 

ara  dat»¥«iQ»d  ia  tht.  followlnif  form  ♦  p  and  »  ^4,  411  othar  ra- 

latlonal'ipQ  prora  ij  ba  aora  or  laaa  praolaa  approxiaationa  tc  tbaaa  eq^tlona. 

Aa  an  azaapla  whioh  oonflraa  tha  oloaa  oonnaotlon  of  tha  tbiolcnasa  of  the 
wirriar  layaw  with  tha  alia  of  tha  ozida  oall  ona  aay  uaa  tha  taapaxaturas  firan 
in  aooordanoa  with  tha  affaot  on  ^aa.  Aa  la  aaaa  froai  Fig.  2  and  Fig.  3i  with 
tha  rxaa  in  tha  taoparatura  of  tha  alaotrolyta,  thara  la  a  drop  in  tha  thuoknaat 

ad 

of  tha  barriar  layar  and  tha  alaa  of  tha  ozida  oall.  Siaoa  tha  two  axpariaanta 
wara  aat  up  In  aowtawhat  4}  t  jndltlona  thay  do  not  allow  a  nuaarioal  eoa- 

parlaoa  of  thaaa  talaaa.  I^wrar,  tha  ooaforaity  to  law  in  tha  two  oaaaa  ia  idan- 
loal. 

2.  In  tha  rwaaarwh  of  tna  aallalar  atruatura  of  tha  thiek-laywrwd  anodio 


fllna  tha  aoat  oharaatarlatlo  foi«  of  tha  watital  orlwtation  ia  tha  atrlot 
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thloknesB  of  anodtt  film 


f  J 


:7;  i 


1  o 

O 


» 

O' 


c;l«rlin«8B  (regularity)  in  the  arrangeioent  of  the  oxide  oelle.  Thie  oan  be 
seen  from  Pig.  4|  4  and  ^  where  there  art  presented  the  eleotron-mioroeoo^ve 
pioturee  obtained  by  ue  of  the  cellular  etruoture  in  two  mutually  perpendi oular 
planes.  la  la  seen  from  Pig.  4»  ^  eaoh  oell*  judging  by  its  impression  :>n 
the  photography  borders  on  six  adjoining  oellSy  forming  a  solid  packing  of 
hezagonSy  rewinding  one  of  a  beehire.  Is  is  known  the  most  solid  packing  of 
spheres  is  suoh  ar  arrangswant  of  them  that  eaoh  sphere  has  six  neighbors  in 
oontaot  with  it.  There  is  no  other  way  of  arranging  a  solid  layer  of  spheresy 
ana  the  bases  of  oxide  oells  represent  spheresy  olose  in  their  geosMtry  to  heui- 
Ispheres.  Therefore  the  fora  of  the  oxide  oells  oorresponds  to  the  form  of 
hexahedron#. 


In  aooordanoe  with  our  oonoept  the  orderly  oellular  structure  is  formed 


Pig.  2,  Iffeot  of  temperature  Pig.  3.  Bffeot  of  temperature  on  site 
of  electrolyte  on  the  thick-  of  oxide  cells  of  anodic  oxide  film 

ness  of  the  barrier  layer  ob-  obtai  led  unde"  following  conditional 
tained  on  pure  aluminum  in  99. ‘^o-peroent  kl,  4-n  'l^SO^,  • 

4-n  Sp30  ^  ?.5  aap/dm'",T»  aio 

Legend!  (1)  thiokr.eee  of  barrier  layer,  i?’-  temperature,  ,3' 
alee  of  'Xide  oells,  ^4)  temperature. 


In  the  fol¬ 
lowing  way. 
In  the  be¬ 
ginning  af- 
e  r  t  he 

formatior  of 
the  thin 
nonperuus 
oiide  fils 
of  the  &ar- 
rler  type 
on  the  sur¬ 


face  of  the  metal  in  the  prooeae  of  its  anodising  there  are  formed  separate 
oelia  oorres ponding  to  thoee  plaoes  in  the  fils  where  the  pores  aire  for^d. 


The  preeenoe  of  ^uoh  plaoee  ie  dstarwiaed  ly  sows  kind  of  defeots  in  the 
harrier  film  which  wore  easily  are  subjeoted  to  the  omustic  action  of  the 
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unnrnib  nui 

RmiCIBLE 


Pig.  4.  ll#otror>-«ioro«oop«  photographt  ob~ 
t»ln«d  of  th*  •urfAO#  of  Xtf  »lu*inu»  »ft*r 
removing  tb«  anode  flia  (•/  end  froa  tba 
•urfao*  of  th*  longitudinal  ehaer  of  th* 
t'iiffi  lb).  The  fila  me  obtainad  in  4-r.. 

H-,30^  at  5  aap/da^.  Go  1  lod  ion-oar  bon 

iapraialop.i  a  -  i22,COO|  b  -  x16,000. 

»  eituation  rafare  to  tha  initial  pariod  of  tha  *o 


•Itoirol; ta. 

Aa  tha  ohaping  voltaga 
batwaan  tha axiating  oalla 
Inoraanaa  naw  oalla  ra 

fonaad  gradually  filling 
tha  whola  aurfaoa  of  tha 
natal.  Apparartly,  avsr. 
an  aarliar  formad  haail- 
aphara  of  a  call  oaonot 
grow  unlifflitadly,  alnoa  its 
diaanaiona  will  be  later- 
ainad  by  the  applied  volt¬ 
age  and  thr  oonduotlvlty 
of  tha  film.  Hoaavar, 
without  doubt  in  tha  in- 
It'al  Boaant  of  the  forma¬ 
tion  of  tha  film  t:.e  ilaer- 
aiona  of  the  oal’e  will  be 
naturally  soaiawhat  Ilf  fere  n 
froB  eaoh  other,  eiroe  late 
the  formation  of  o«'.  le  wi'l 
fire  laaa  time  for  their 
growth,  and  tha  oentere  of 
tha  oelle  will  be  arranged 
ohaotioally  without  any 
daflnita  or  Ur.  tat  i:  n.  ^jch 
naatlon  of  the  poro’oa  part  of 


7 


a 


the  film. 


Aftiir  ths  sep&rat*  o«lla  looSt  tog»th«r  and  oovar  tha  irtiola  surfaoa  of 
ir,e  •nata]  th«  o«\l«  Oftn  than  onljf  grow  in  dapth,  Undar  thaaa  ocndltlona, 
^prarentljy  aaeh  cxidw  oall  whloh  baa  a  laaaar  hamiephara  (having  dalayad 
‘‘ro'  tue  oaglnnirg  rsf  tha  gr^^tb)  irill  hara  oora  poaaibillty  for  growth  ainoa 
♦heae  oaila  ara  dlatingiiiahad  by  tha  laaaar  thlolcnaaa  of  tha  barriar  lay«r. 

I':  thi-?  way  in  ths  baginning  of  tha  prcoaaa  of  tha  formation  of  tha  poioua 
part  jf  the  fliia  toara  is  obaarvwd  a  oartain  disordar,  irragularlt y  in  the 
strvot'rra  of  tha  oxida  oalliS. 

ns  £9ay  aeauma  two  variants  of  tha  tran»ltion  to  tha  strictly  orderly  oal» 
lulfiT  f.traotura.  The  first  oonsiaka  in  tha  ‘'aquaesing"  of  aoroa  oaila  by 
others,  i,  a.,  eaparata  -sails  will  in  tha  prooace  of  thair  growth  in  dapth  grad- 
ually  orowd  th«ir  naighbora,  lining  np  as  to  diaansions  and  and  ragrouping  ao 
as  to  oreata  aa  oiuob  aa  roaeibla  a  oora  oompaot  paeleing.  But  in  this  oaaa 
the  nuahv-r  of  ovlis  ooaing  into  axiatanoa  at  tha  very  beginning  should  be  pra- 
asrved  throughout  tha  whole  aaodio  prooaea.  Sinoa  tha  numbar  of  first  oaila 
in  jjanaral  be  indaftniia  (l.  a*,  thair  numbs*,  to  a  greater  or  lessar  degree 
'iff’ers  fram  tha  nuabar  of  oaila  oorrasponding  to  an  orderly  structura),  tiisra- 
f.'ra  tha  average  dlfuanaiona  of  tha  oaila  in  aaoh  separata  oas”-  ahould  vary, 
whi(±,  aa  is  known,  is  not  so  in  praotloe. 

The  saoond,  as  it  aaama  to  ua,  more  real  variant  oonsista  in  tlr  reorgan¬ 
isation  of  tha  oaila  thamaalvas  in  the  prcoaee  of  their  growth.  In  this 
CdiSB  trse  raarrsmging  of  the  oaila  raeuits  in  this  that  out  c  a  greater 
number  of  oallsa  amallar  numbar  is  formed- -too  often  tha  arranged  oolla  will, 
blenc*.  9uoh  a  reorganisation  is  sohamatloally  praaantsd  In  Pig,  5.  a 

r&ault  tba  oalls  are  aligned  in  aooordanoa  with  their  dimensions.  Bat  in 
this  oasa  tha  oaila  will  tend  to  align  thamsalvea  not  in  a  general  way  but 
arouni  &  dafinita  maxiaia  diaansion  datarminad  by  the  aquation  ■■  ■  •  1, 


Only  ef**T  tnia  aaoh  oall  gets  equal  poaaibility  for  its  growth.  And  as  t.oon 


twsiri+K-*- 


as  th«  duMnaiorui  uf  tb«  Mila  btiOOM  idantioal  tha  aohawi  of  thaix  arrant- 
mont  taJb>8  on  a  atriotly  ordarlj  appaaranoa.  Thia  nrlll  oorraapond  to  tha  eta- 
biliaatlon  of  tha  atruotura  of  tha  anodio  fila. 

Tha  poaalbilitx  of  suoh  a  raorgani- 
sation  aaa  ahotm  in  tha  following  axpcrl- 
mant.  At  tha  tlaa  of  tha  anodising  the 
danaitx  of  tha  ourrant  ohangad  (from 
to  10  amp/da^  and  tIm  varaa).  After 
this  tha  alaotron-aioroaoopgr  inrestigated 
tha  Mllular  atruotura  on  tha  boundary 
aaparating  tha  matal  and  tha  Mils  (after 
ramoral  of  tha  film).  Aa  ia  seen  from 
Table  2  with  tho  ohanga  in  tha  lanr  / 
of  tha  ourrant  there  waa  a  change  also 
in  tha  dimanaione  of  tha  oxide  oalla 
(and  consequently  of  their  number),  i.  e., 

Table  2 

Pimanslona  of  Oxide  (Telia  with  Change  of  Denalty  of  Currant  in  tha  Prooaes 
Oxidation  of  Aluminum  (4-n,  t  •  — 2*) 


density 
cf  current 
amp/dm^ 

^tiae  of 

anodio 

oxida¬ 

tion, 

mtn 

eiaa  |  Change  in  else  of  oell,  A 

oelle  1  theoretical 

‘  i 

obaerved 

d  ' 
t  , 

u 

10 

1  _ 

1 

1  OH  0 

f60 

1 0f  1 

490  ! 

_ 1 _ 

-60 

there  oooure  a  reorganisation  in  tha  atnictura  of  tha  film  itaalf  (tha  plus 
aign  indioataa  inoraaie  in  tha  sisa  of  Mllai  tha  ainua  aign,  daoraasa). 
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Fig.  %  Sohema  of  the  arrai.geaant  of 
the  orderly  cellular  atruoture  on 
tba  ><urfaM  cf  aluminum  with  anifcra 
atruotura  of  tha  aatalt  a— 'initial 
moment  (disorderly  atruotura  )|  b— 
rearrangemant  of  the  atruotura, 
orderly  (regular)  structure. 
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In  this  mj  th*  r«organlSfttlon  of  th«  atructur*  of  tat  oxlda  oella 
in  prootaa  of  ftoodlo  ozldAtlon  is  quite  poaaibla. 

Conolualona 

1,  It  naa  baan  ahoim  that  tha  baaio  ratio  irtiioh  datarminaa  auoh  etruotural 
par&metara  of  a  thiok-lajar  anodic  fils  aa  tha  alsa  of  tha  ozida  oall 

and  the  thioknaaa  of  tha  barriar  layer  ia  tha  aquation 

i^ere  p  ia  tha  dianatar  of  tha  pora. 

2,  Th^.a  haa  baan  praaantad  tha  maohaniam  for  tha  formation  of  tha  orders 
Ir  ;;ellular  atruotura  aooordln^  to  ahioh  with  tha  shaping  of  tha  ozida  oalla 
taare  oootirs  not  only  a  qualitatira  (ohanga  of  dlmansions)  but  alao  a  quanti¬ 
tative  reorganisation  of  tha  oallular  atruotura. 
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